The effects of classical conditioning on frequency receptive fields (RFs) in the ventral, tonotopic part of the guinea pig (Cavia porcellus) medial geniculate ventral body (MGv) during cardiac conditioning to a single tone frequency were studied. Associative frequency-specific plasticity, in which the RF was returned to the frequency of the conditioned stimulus (CS), developed if the CS frequency was within 0.125 octave of the pretraining best frequency. Otherwise, a general increase across the RF developed. Sensitization training also produced general increased responses. The frequency-specific plasticity was short-term and observed only immediately after training, whereas the general effects were maintained. These results suggest that frequencyspecific RF plasticity in the MGv may be a substrate of short-term mnemonic processes that could participate in long-term storage of information and modification of the representation of the CS at the auditory cortex.
During learning, the meaning of a sensory stimulus changes. The traditional conception of sensory systems as feature detectors considers that they are not involved in this acquired meaningfulness (Fuster, 1984; Miller, Pfingst, & Ryan, 1982; Thompson, Berger, & Madden, 1983) . Such a view in the field of learning and memory was probably the direct consequence of the use of anaesthetized preparations in sensory physiology. Although this view is a convenient way to explain the "stable perception of the external word," in fact it is hardly compatible with the well-established evidence that associative processes produce changes of evoked responses in sensory systems during learning (for a review see Weinberger & Diamond, 1987) .
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Correspondence concerning this article should be addressed to Norman M. Weinberger, Center for the Neurobiology of Learning and Memory, Bonney Center, University of California, Irvine, California 92717. in the processing of information. Receptive field (RF) analysis provides a way to distinguish between these alternatives. A change in excitability would produce increased responses to most or all stimuli (e.g., tonal frequencies). In contrast, a change in information processing would be revealed as a specific modification of response to the significant stimulus (the CS) with less or different effects on responses to other stimuli in the RF.
Recently, RF analysis has been applied to the auditory cortex during classical conditioning. Very selective RF plasticity was found in the nontonotopic secondary and ventral ectosylvian fields of the cat (Diamond & Weinberger 1986 and in the anterior tonotopic field of the guinea pig (Bakin, Condon, & Weinberger, 1988; Bakin & Weinberger, 1990a) . Effects included increased responses to the CS frequency and decreased responses to the pretraining prepotent best frequency (BF) that were sufficient to shift tuning to the CS frequency. Thus, classical conditioning is accompanied by highly selective modifications of the coding or representation of the CS in both tonotopic and nontonotopic cortical fields. Frequency-specific RF plasticity also develops in the auditory cortex during habituation (i.e., decreased response to the repeated frequency; Condon & Weinberger, 1991) , so the modification of information processing in the auditory cortex transcends a single type of learning situation.
Auditory information from the periphery reaches the auditory cortex via an obligatory synapse in the medial geniculate body (MGB) of the thalamus. Also, the auditory cortex projects heavily to the MGB (Diamond, Jones, & Powell, 1969; Winer, in press; Winer & Larue, 1987) . The MGB is classically divided in three major divisions: dorsal (MGd), ventral (MGv), and medial (MGm). Only the ventral division has lemniscal properties. It is tonotopically organized (Aitkin & Webster, 1972; Calford, 1983; Calford & Webster, 1981; Imig & Morel, 1985; Morel, Rouiller, deRibaupierre, & deRibaupierre, 1987) , and its neurons have short-latency responses (Calford, 1983) , sharp tuning curves (Aitkin & Webster, 1972; Morel et al., 1987) , and topographic projections to the primary fields of the auditory cortex (Andersen, Knight, & Merzenich, 1980; Burton & Jones, 1976; Middlebrooks & Zook, 1983) . These lemniscal properties do not characterize the MGm and the MGd (Aitkin, 1973; Calford, 1983; Rouiller et al., 1989) . The MGd may be considered as an "lemniscal adjunct" system (Graybiel, 1972 ) that projects to nontonotopic cortical fields (Burton & Jones, 1976; Calford & Aitkin, 1983; Sousa-Pinto, 1973) . The MGm appears to be a diffuse auditory component that projects mainly to the upper lamina of all auditory cortical fields (Mitani & Shimokouchi, 1985; Niimi, Ono, & Kusunose, 1984; Ryugo & Killackey, 1974; Winer, in press) .
In view of the close relationship between the auditory cortex and the MGB, it is important to determine the effects of associative learning on RFs in the MGB. We have previously reported that classical conditioning induces highly selective RF plasticity in the MGd, which projects to secondary auditory cortical fields (Edeline & Weinberger, 1989 . Based in part on the failure to detect any sign of conditioned changes in the CS-evoked responses from MGv recordings during training trials (Gabriel, Miller, & Saltwick, 1976; Ryugo & Weinberger, 1978) , we have proposed a preliminary model of RF plasticity in the primary auditory cortex. It hypothesizes that the MGv provides stable acoustic information to the auditory cortex during CS-unconditioned stimulus (UCS) pairing (Weinberger et al., 1990) . In this article, we report the first study of the effects of classical conditioning on RFs in the MGv, the lemniscal component of the auditory thalamus that provides detailed frequency information to primary auditory cortex.
Materials and Method
The surgery and the general procedures were the same as those described previously (see Edeline & Weinberger, 1991) . We summarize their major features here.
Subjects and Surgical Preparation
Adult male Hartley guinea pigs (Cavia porcellus; n = 17) that weighed 350--420 g at the time of surgery were used as subjects and were trained during the light part (6:00 a.m. to 6:00 p.m.) of a 12: 12-hr light--dark cycle. During surgery, which was conducted while the subjects were under pentobarbital-neuroleptic anesthesia (Evans, 1979) , bundles of 3-6 Teflon-coated microelectrodes (tungsten, 50 ~m thick, spaced 200-300 um apart, 0.5-1 Mr at 1000 kHz) were implanted bilaterally in the MGv under electrophysiological control. Two cylindrical threaded tubes were included in the pedestal of dental acrylic to allow atraumatic fixation of the animal's head during subsequent training sessions. Local antibiotics were applied to exposed skin surfaces. The animals recovered in an incubator and were then returned to their home cages.
General Procedure
Twenty-four hours after surgery, the animals were adapted to a hammock that was situated inside an acoustically isolated chamber (IAC Inc., Bronx, NY, Model 1202) . Their heads were stabilized in a posture close to the resting posture of the animals in their home cages. Stabilization of the head ensured a constant distance between the ear canal and a speaker (Aiwa, Los Angeles, CA). Special care was taken to avoid discomfort, which could induce heart rate instability and also prevent the observation of cardiac conditioned responses (CRs; for details see Edeline & Weinberger, 1991) .
On the day of training, RFs were determined before sensitization, immediately postconditioning, and 1 hr postconditioning. All tones were delivered contralateral to the recording site via a calibrated system that has been previously described (Diamond & Weinberger, 1989) . Sound-pressure levels were calibrated at the entrance to the ear canal (Suga & Manabe, 1982) , and because the system could not be completely sealed in a waking animal, stimulus levels were probably lower at the tympanic membrane.
RFs were determined by presenting sequences of 8-15 frequencies in a pseudorandom order. An attenuator (Hewlett-Packard, Palo Alto, CA, Model 350D) was used to adjust the intensity to deliver isointensity tones across the frequency range that was used. RFs were determined at four to seven intensities between threshold and the CS intensity in 10-dB (SPL) steps. Each tone (50 ms) was repeated 10 times with an interstimulus interval (ITI) of approximately 1 s.
Experimental Protocol
The training session began immediately after the pretraining RF with a sensitization phase (10 CS and 10 UCS presentations given in a pseudorandom order), which was followed by the conditioning phase (30 CS-UCS presentations, average ITI = 2 rain, range = 1-3 rain, during both sensitization and conditioning). The CS was one of the frequencies that was used to determine the RF and was chosen to never elicit the strongest cellular response (i.e., it was not the BF). The CS duration was 6 s (70-80 dB), and the UCS, which was provided by a stimulator (Grass Instruments Co., Quincy, MA, Model $88) and isolation unit (60 Hz, 5.0 ms, 250 ms train), was delivered to both hind paws at the CS offset. Its intensity was adjusted individually for each animal (0.5-1.5 mA) to elicit a withdrawal reflex of the hindlimbs and a heart rate deceleration as the unconditioned response (UR). The RF was determined both immediately postconditioning and 1 hr postconditioning by using the same order of presentation of the frequencies that were used for the pretraining RF.
Four naive animals underwent a sensitization-only paradigm during which 40 CS and 40 UCS trials were given in a pseudorandom order (explicitly unpaired presentations, average ITI = 2 min). For these animals, the heart rate responses to the CS and the UCS presentations were analyzed identically to those of the conditioned animals.
Analysis of Behavioral Data
The electrocardiogram, which was recorded by two thoracic metal clips that were placed at the time of surgery, was amplified (80-400 Hz; Tektronix, Beaverton, OR, Model FM122), displayed on an oscilloscope, and sent into a voltage window discriminator. The output pulses were sent to a polygraph (Grass, Model 7) and to three digital counters (Coulbourn Instruments Inc., Lehigh Valley, PA, Model Rll-45) that indicated for each trial the number of beats during the 5-s period before tone onset, the last 5-s period of tone, and 5-s period after UCS offset (skip 1 s to avoid the UCS artifact). The difference between the number of beats observed during the tone and the number of beats during the pretone period, as well as the difference between the number of beats observed after the UCS and before the tone were computed for each trial to obtain, respectively, the cardiac CR and the cardiac UR.
Neuronal Recording and Data Analysis
Single unit or cluster discharges, which were amplified by a Microprobe amplifier (bandpass = 0.3-3 kHz, gain = 1000; Microprobe Inc., Clarkburg, MD, Model ADS-l) and displayed on an oscilloscope, were sent into a voltage discriminator (SA Instrumentation, San Diego, CA, Model SA-13T) to select the largest spikes (minimal signal-to-noise ratio = 3:1). The output pulses were used by a microcomputer to build on-line rasters and histograms for each frequency at each intensity. Two channels of activity were occasionally recorded simultaneously (n = 6 sessions; see Table 1 ). For each neuronal recording, a temporal window for the tone-evoked responses was selected (either 0-25 ms in case of "on" responses or all of the 50 ms of tone presentation in cases of a sustained response) and kept the same to analyze the pre-, the immediately post-, and the 1-hr postconditioning RFs. To rule out spurious changes in response to tones caused simply by changes in spontaneous activity, evoked discharge was calculated by subtracting background firing during the 100-200 ms immediately preceding each tone from the number of spikes during that tone for each selected temporal window. The RF was quantified as the average evoked discharge for each frequency across the frequency range studied. The effects of training were determined by subtracting the pretraining RF from the immediately postconditioning RF (post RF -pre RF) and the 1-hr postconditioning RF (1-hr post RF -pre RF). The resultant data are hereafter called RF difference functions.
To permit comparisons among cells, each RF difference function was normalized by dividing each difference score by the absolute value of the difference score of the tone that exhibited the greater change from pretraining and multiplied by 100. Thus, the normalized difference functions comprised values (between -100 and + 100) that were determined by applying the formula to each tone response in the RF: [(X,/I YI) × 100], where Xn is the difference score for the n th tone of the RF and I YI is the absolute value of the maximum difference score in the RF. Examination of the difference functions in a previous study led us to classify the neuronal recordings into three categories: CS-frequency specific (CS-FS) , general (Gen), or random (Rand) changes (see Results) by using previously described criteria (Edeline & Weinberger, 1991) .
To provide group RF difference functions that illustrate maximum effects, the largest effect across intensity was selected for each recording site, and these were averaged separately across sessions for the CS-FS, Gen, and Rand groups. For each recording, the CS frequency was taken as the reference, and the distance between the CS frequency and all other frequencies was expressed in fractions of an octave.
Statistical analyses were based on all data from each recording site for all intensities studied. These data were used to compare the different types of effects that were observed and the difference within an effect over time (i.e., immediately postconditioning vs. 1 hr postconditioning) for three parameters of RF changes: (a) the magnitude and direction of change at the CS frequency, (b) the bandwidth of the change that was centered on the CS frequency, and (c) the difference between the percentage of change at the CS frequency and at the BF (the CS-BF diffbrence).
H&tology
After the last recording session, the animals were given an overdose of Nembutal (sodium pentobarbital), and small electrolytic lesions were made by passing anodal current (10#A for 10 s) through the electrodes. The animals were perfused intracardially with 0.9% saline, which was followed by 10% formalin. The brain was then removed and stored first in 10% formalin and then in a 30% sucrose- "Refers to RF immediately after conditioning minus RF before conditioning, bin six cases, data from two electrodes were recorded simultaneously, cFor each recording site, the RF was determined at several intensities.
10% formalin solution for cryoprotection. Frozen serial sections (40 um thick) were taken and stained with cresyl violet. Anatomical determination of electrode locations was achieved using the nomenclature described by Winer (1985) .
Results
The findings presented in this article were obtained from 17 subjects (conditioning, n = 13; sensitization, n = 4) that yielded data from 23 recording sites (conditioning, n = 17; sensitization, n = 6) and 118 RF difference functions immediately after as well as 1 hr after conditioning (Table 1) .
Behavioral Data
As shown in Figure 1 , heart rate decreases were observed during the first 5 sensitization trials (orienting response), but at the end of the 10 sensitization trials, there were no heart rate decelerations during the CS presentations, which was indicative of habituation. For the conditioned animals, the first conditioned bradycardia was observed during the first five CS-UCS pairings, and subsequently, consistent heart rate decelerations were observed in all subjects that were submitted to the CS--UCS pairing. Conditioned bradycardia reached asymptote in 15-25 trials. An analysis of variance showed that, compared with the last block of sensitization trials, a significant heart rate decrease occurred as early as the first conditioning block, F(1, 12) = 3.516, p < .05, and was maintained through the last block, F(1, 12) = 6.932, p < .05.
The subjects that underwent the sensitization paradigm also exhibited heart rate decreases during the first five CS presentations. During the subsequent trials, the tone did not elicit heart rate decelerations, but rather accelerations were observed particularly during Trial Blocks 3 and 4 (Figure 1 ). The interaction between group and trial block was significant from the first block, F(1, 15) = 10.11, p < .05, until the last block, F(1, 15) = 16.62, p < .05, of sensitization.
As discussed previously (Diamond & Weinberger, 1989; Edeline & Weinberger, 1991) , the animals did not show any sign of either tonic or phasic arousal (indexed by the baseline heart rate) during either the immediately post-or the 1-hr postconditioning RF determinations, including during the presentations of the CS frequency; this lack of response is Heart Rate Conditioning probably due to the many contextual differences between the training session and the RF determination situation.
Neuronal Data
The data presented here were derived from neurons almost all of which had narrowly tuned RF. The square root transformation (k/f2 -x/fl, where f2 is the highest frequency and fl is the lowest frequency eliciting neuronal discharges at 20 dB above threshold) that was described initially by Whitfield (1968) and reintroduced later by Calford, Webster, and Semple (1983) was used in this study to quantify the sharpness of tuning; as opposed to the Q,0 (Kiang, Watanabe, Thomas, & Clark, 1965) , this measure is independent of the BF value. With this index, the breadth of tuning that we found was between 0.15 and 1.21 (M = 0.56, Mdn = 0.49), which is not very different from the value reported by in the MGv of the anesthetized cat (0.44 + 0.21).
Effects Induced by the Conditioning Paradigm
Data obtained during conditioning were derived from 17 recording sites (clusters, n = 13; single units, n = 4) and were obtained from 13 animals. Because the RF was determined at several intensities (range = 4-7, M = 5.12), 87 difference functions were obtained immediately postconditioning and 1 hr postconditioning ( Table 1) .
The criteria used to classify a change as CS-FS, Gen, or Rand were exactly the same as those used in our previous study of the MGd (Edeline & Weinberger, 1991) . Briefly, a change was classified as CS-FS if three criteria were met: (a) the largest change in the RF had to be at the CS frequency, (b) the magnitude of change at the CS had to be at least 50% greater than the change at the pretraining BF, and (c) the change at the CS frequency must have had a restricted bandwidth (it could not extend more than 0.25 octaves around the CS frequency). Gen changes are more or less consistent decreases or increases across frequencies, whereas Rand changes are small increases or decreases at adjacent frequencies across the RF.
In the present study, Gen effects were found in 12/17 (71%; increase, n = 11, decrease, n = 1) recordings, whereas CS-FS effects were observed immediately postconditioning in 5/17 (29%; 5 increases) recordings (Table 2) . Rand effects were not observed. The present article reports only the effects on the RFs; the data collected during conditioning and sensitization trials will be reported separately.
CS-FS Effects on RFs
Conditioning induced an FS increase in the RF in 5/17 cases (29%). These were large enough, in relation to responses to the pretraining BF, such that conditioning produced a shift in the tuning curve; specifically, the CS became the new BF. Figure 2 shows the rasters and histograms for a single Note. CS-FS = conditioned stimulus-frequency specific; Gen = general; Rand = random; MGv = ventral division of the medial geniculate body. neuron that exhibited this effect. Preconditioning, it responded between 0.5 and 0.9 kHz (~,/f2 -~/fl = 0.24), and the BF was 0.7 kHz. Immediately postconditioning, the responses at the CS frequency (0.8 kHz) were greatly increased, whereas the responses to the pretraining BF (0.7 kHz) decreased. These changes were sufficient for the CS to become the new BF. However, at 1 hr postconditioning this "retuning" effect had disappeared. The responses at both the CS and the BF returned to the pretraining level, and the BF shifted back to 0.7 kHz. The quantified R F functions ( Figure  3 ) confirmed these observations. There was a large increased response at the CS frequency and a small decrease at the BF and other frequencies immediately postconditioning ( Figures  3A and 3C ). These changes disappeared 1 hr later ( Figures  3B and 3D) . A conditioning-induced shift to the CS frequency can develop by a large increase in response to the CS frequency, even without substantial decreased responses to the pretraining BF. Furthermore, such FS tuning plasticity is not limited to one part of the frequency range. Data that illustrate both of these points are presented in Figures For the five CS-FS effects that were observed immediately postconditioning, the percentage of increase at the CS frequency for the maximal effect averaged 89% (range = 47.2-100), and the response at the pretraining BF decreased an average of 39.2%, which resulted in an average increase of 128% for the CS-BF difference. The bandwidth of the CScentered increase was 0.26 octaves (Table 3) .
The group data for the five CS-FS effects show a highly selective increase (0.125 octave) at the CS frequency with side-band suppression at higher and lower frequencies (Figure 6A) .
The dramatic dissipation of the CS-FS effects 1 hr postconditioning is reflected in the average of the normalized difference functions ( Figure 6B , compare with Figure 6A ). One hour postconditioning, the increase at the CS frequency was no longer the largest increase, and its magnitude had decreased from 89% to 31%. Furthermore, the change at the pretraining BF was -13%, which resulted in a CS-BF difference of only 44%. The bandwidth of the effect that was centered on the CS frequency increased (i.e., decreased in selectivity) from 0.26 to 0.86 octaves (Table 3) .
Twenty-eight R F difference functions were obtained across intensity for the five CS-FS effects, both immediately and 1 hr postconditioning. Immediately postconditioning, the average increased response at the CS frequency was 54.4%, the mean CS-BF difference was 83.9%, and the mean bandwidth of the CS-FS effects was 0.36 octaves. Across intensity, the values that were obtained 1 hr postconditioning confirmed the dissipation of these effects (Table 3) . The increase at the CS frequency (21%), the CS-BF difference (30%), and the Effect of stimulus intensity. RF difference functions were obtained at 4-7 intensities for each recording. Because we found previously that the CS-FS effects in the MGd were an increasing function of the intensity that was used to determine the RFs (Edeline & Weinberger, 1991) , we analyzed (a) the probability of occurrence of the CS-FS effect, (b) the magnitude of the increases at the CS frequency, and (c) the selectivity of the effects to determine whether the previously described relationship also pertains to the MGv.
Probability. Across intensity, there were 28 RF difference functions that were obtained from the five CS-FS effects, and 15/28 (53%) of these functions met the three criteria for a CS-FS effect. The probability of the CS-FS effect was actually higher at the lower intensities ( Figure 7A ). For example, 5/17 (29%) RF difference functions met the criteria at 50 dB and above, whereas 8/11 (73%) of the RF difference functions that were obtained at 40 dB and below met the criteria (Fisher exact probability test, df= 1, p = .03).
Magnitude. The magnitude of the increase at the CS frequency also depended on intensity ( Figure 7B ). The smallest increases were found at the highest intensity (80 dB), and the largest increases occurred at the lowest intensities (10 and 20 dB). This inverse relationship was statistically significant (Kruskal-Wallis test, H = 15.16, df = 7, p < .05). Furthermore, the trend across intensity was significant (Jonckheere test for ordered alternative, 3* = 3.48, p < .002, one-tailed; Seigel & Castellan, 1988) .
Frequency selectivity. The effects of intensity on the bandwidth were determined by measuring the bandwidth of the CS-centered increases for all of the 28 RF difference functions that were obtained. This analysis suggested that the more selective effects (narrow bandwidth) were obtained at the lowest intensities ( Figure 7C ), but this effect was not significant (H = 6.53, df= 7, p > .10).
Thus, the M G v has an intensity relationship opposite of that described previously for the MGd. In the MGv, the probability, magnitude, and selectivity of CS-FS effects were increased as the intensity of the stimulus decreased.
General Effects on RFs
Twelve out of 17 recordings (71%) exhibited Gen changes in RFs immediately after behavioral acquisition of the CS-UCS relationship, and increases were predominant (11/12, 92%). Furthermore, and in contrast to the CS-FS plasticity, Gen increases were maintained (Table 3 ).
An example of such a Gen increase for a single neuron is given in Figure 8 ; quantified R F and difference functions for this same neuron are given in Figure 9 . This neuron was sharply tuned (x/f2 -~/fl = 0.22) such that only 4.5 and 5.0 kHz elicited discernable discharges at 50 dB. The BF was 4.5 kHz, and 6.0 kHz was selected as the CS frequency for conditioning. Immediately postconditioning, responses to 4.5 and 5.0 kHz increased, and responses emerged for frequencies higher than the BF, including that of the CS frequency (Figure 8) . However, the largest increase was not at the CS frequency, and the overall effect was a general increase across frequencies ( Figures 9A and 9C) .
One hour postconditioning, this Gen facilitation was not only maintained, it was larger (Figure 8 ). Quantification of the R F and difference R F confirmed that the BF remained at 4.5 kHz both immediately postconditioning and 1 hr postconditioning ( Figure 9 ). Furthermore, increased responses were clearly not specific with regard to the CS frequency either immediately postconditioning or 1 hr postconditioning.
Gen effects were found across the frequency range. Figure  10 presents RFs for a cluster with a pretraining high frequency BF of 37.0 kHz. Both immediately postconditioning and 1 hr postconditioning, there was a weak increase at the CS frequency (33.0 kHz), whereas the responses at and around the BF were strongly increased. There was no shift of the BF at either time.
For the Gen increases immediately postconditioning, the mean maximal increase at the CS frequency was 54%, the bandwidth was 1.31 octaves (far exceeding the FS criterion), and the CS-BF difference was -12%, which indicated that increases at the BF were on the average greater than increases at the CS frequency (Table 3 ). The group R F difference function for the Gen increases that occurred immediately postconditioning shows the absence of selectivity. There is a more or less equal increase of response across frequency with no distinctive changes at or near the frequency of the CS ( Figure  I IA) . This contrasts sharply with the group function for CS-FS plasticity (compare with Figure 6A) .
Maintenance of the Gen increase 1 hr postconditioning is evident in the group RF difference function. The broad increase across frequency is still evident, and there was still no specific increase at the frequency of the CS ( Figure 11B ). Also, there was little change in any of the three parameters for the maximal effects (Table 3) .
Fifty-six R F difference functions were obtained across intensity for the 11 recordings that were classified as Gen increases. Immediately postconditioning, the average increase at the CS frequency was 17%, the bandwidth was 1.12 octaves, and the CS-BF difference was -2.5%. One hour later, these values were still in the same range except for the bandwidth (which was even broader): CS increase = 21%, bandwidth = 1.88 octaves, CS-BF difference = 14% ( Frequency (kHz) Figure 5 . Quantified receptive field (RF; window = 0-25 ms after tone onset) and difference RF functions for the recording data presented in Figure 4 . (Before training, the BF was 29.0 kHz. Immediately postconditioning, the major change was an increased response to the CS frequency [27.0 kHz]. Although there was no decreased response to the BF, the increased response at the CS was sutticient to produce a shift of the BF to the CS frequency [A and C] . At 1 hr postconditioning, the increased response to the CS frequency had disappeared, whereas the responses to the BF were increased [B and D] .)
None of these values were significantly different from the values observed immediately postconditioning, t(110) = 0.56, p = .57; t(110) = 0.28, p = .77, and t(110) = 0.43, p = .66, respectively, for the increase at the CS frequency, the bandwidth of the effect, and the CS-BF difference, again emphasizing maintenance of the Gen increases. A comparison of the major parameters for the CS-FS increases versus the Gen increases immediately postconditioning across all RF difference functions (FS = 28, Gen = 56) revealed statistically significant differences for each of the three measures. For the FS effects, the increase at the CS frequency was greater, 54% vs. 17%; t(82) = 5.684, p < .0001, the bandwidth that was centered on the CS increase was smaller, 0.36 vs. 1.12 octaves; t(82) = 4.026, p < .0001, and the CS-BF difference was larger, 84% vs. -2.5%; t(82) = 6.494, p < .0001.
Effect of stimulus intensity. As already presented for the CS-FS effects, the tonal intensity that was used to obtain the RFs was significantly and inversely related to both (a) the probability of obtaining an FS increase and (b) the magnitude of increase at the CS frequency. Therefore, it was of interest to determine whether stimulus intensity was related to parameters of Gen increases.
Probability. Across intensity, 46/56 RF difference functions showed Gen increases in the RF immediately after conditioning. Of these, 29/35 (83%) that were obtained at 50 dB and above and 17/21 (81%) that were obtained at 40 dB and below exhibited a Gen increase. This lack of effect of intensity ( Figure 12A ) was verified statistically (Fisher test, df= 1, p = .56).
Magnitude, The magnitude of increase at the CS frequency exhibited a slight trend for greater increases to occur at lower intensities ( Figure 12B ). However, this was not statistically significant (H = 1.34, df = 7, p > .10).
~. For each recording, the percentage of change for all of the frequencies tested was expressed as a function of the distance from the CS, then averaged across sites. A: Immediately postconditioning, there was an 89% increase at the CS frequency and decreased responses to higher and lower frequencies at +0.125 octaves of the CS. B: At 1 hr after conditioning, this effect had disappeared; the mean increase at the CS frequency was 31%, and the maximal increase was not the largest increase.
difference curves obtained from these animals met the criteria to be classified as a CS-FS effect. However, all of these recordings developed Gen changes in the RF: four were increases and two were decreases (Table 2) . Figure 13 gives an example of a Gen increase in the RF Bandwidth. Figure 12C shows the distribution of bandwidths that were centered on the CS frequency as a function of the intensity that was used to obtain the RF. There was no systematic relationship between these variables (H = 3.12, df= 7, p > .10).
In summary, the probability of observing Gen increases, the magnitude of increase at the CS frequency, and the bandwidth were not dependent on the intensity that was used to determine the RFs. These findings contrast with those for FS plasticity, for which both probability and magnitude of increase were greater with decreasing stimulus intensity (Figures 6A and 6B) .
Effects Induced by the Sensitization Paradigm
Six recordings in the M G v were obtained from animals that were exposed to the sensitization paradigm. None of the Figure 7 . Relationship between intensity and measures of conditioned stimulus-frequency specific (CS-FS) effects immediately postconditioning. (A: The probability of obtaining an FS increase was greater at lower intensities. B: The magnitude of the increase at the CS frequency was higher at lower intensities. C: The bandwidth of the increase at the CS frequency was smaller at lower intensities. For all three measures, the number of RF difference functions was, respectively from 80 to l0 dB, 2, 5, 5, 5, 4, 3, 2, and 2.) For the maximum Gen increases that were induced by the sensitization paradigm immediately postconditioning, the increase at the CS frequency averaged 37%, the bandwidth of the increase was 1.18 octaves, and the CS--BF difference was -4 7 % , which indicated larger increases at the pretraining BF than at the CS frequency (Table 3 ). The group R F difference function shows the absence of selectivity of the effects ( Figure 14A , compare with Figure 6A ). There were no significant differences between Gen increases during sensitization versus conditioning for any of the three parameters (Table 3). The Gen increases in sensitization were maintained 1 hr postconditioning, as found for the Gen increases that were induced by the conditioning paradigm ( Figure 14B ). There were no significant differences between the two types of Gen change for CS increase, bandwidth, or CS-BF difference (Table 3) . Thus, the sensitization paradigm seemed to induce Gen changes that were the same as those observed for conditioning.
Across all RF difference functions, the percentage of increase at the CS frequency (9%), the bandwidth of the increase (0.82 octaves), and the CS-BF difference ( -8 % ) were all significantly different from the values that were obtained for the CS-FS effects, t(51) = 4.315, p < .001; t(51) = 2.341, p < .05; t(51) = 5.76,p < .0001, respectively, for the percentage of increase at the CS, the bandwidth of the effect, and the CS-BF difference (Table 3 ). In contrast, none of the values that were obtained for these three parameters were statistically different from those obtained for the Gen increases that were generated by the conditioning paradigm, t(79) = 0.401, p = 0.68; t(79) = 1.27, p = .207; t(79) = 0.245, p = 0.81, respectively, for the percentage of increase at the CS, the bandwidth of the effect, and the CS-BF difference (Table 3) .
The analysis of across-intensity data confirmed that the effects that were induced by sensitization were still present 1 hr later. There were no significant differences between the values that were obtained for the percentage of increase at the CS (3%), the bandwidth (0.74 octaves), and the CS-BF difference ( -15%) 1 hr postconditioning compared with the values that were obtained immediately postconditioning, t(48) = 0.338, p = .738; t(48) = 0.122, p = .904; t(48) = 1.212, p = .23, respectively, for the percentage of increase at the CS, the bandwidth of the effect, and the CS-BF difference.
Effects of stimulus intensity. Across intensity, 25 R F difference functions were obtained immediately and 1 hr postconditioning from the 4 Gen increases that were observed after sensitization; 19/25 curves exhibited Gen effects.
Probability. There was no significant effect of the intensity that was used to determine the R F on the probability of observing a Gen increase after sensitization training ( Figure  15A ); 12/16 (75%) exhibited Gen increases at 50 dB and above, whereas 7/9 (78%) developed such effects at 40 dB and below (Fisher test, df= 1, p = .64).
Magnitude. There was no significant effect of intensity on the magnitude of the increase at the training frequency after sensitization (H = 4.07, df= 7, p > .10; see Figure   15B ).
Bandwidth. There was no significant relationship be- . One hour later, the general increases were larger, whereas the BF remained unchanged [B] . Many frequencies exhibited increased responses and had magnitudes of increase that exceeded those at the CS frequency [D] . Stimulus intensity was 50 dB.) tween intensity and the bandwidth of the Gen increase observed after sensitization (H = 9.20, df = 7, p > .10; see Figure 15C ). In summary, the sensitization paradigm induced long-lasting Gen effects in the RF of MGv neurons (mostly increases) that were indistinguishable from Gen increases that were observed after conditioning training.
Pretraining Predictors of FS Plasticity
The fact that some MGv recordings developed FS plasticity at the CS frequency (whereas others developed Gen facilitation across frequency) led us to seek possible pretraining differences that might have contributed to the type of effect that was induced by conditioning.
One possibility is that the cells that showed CS-FS effects were less "lemniscal-like" than the ceils that exhibited Gen effects. According to this hypothesis, the cells that showed CS-FS effects should have been less narrowly tuned than the cells that showed Gen effects. This was not the case: The mean (+SE) pretraining bandwidth of the five CS-FS effects was 0.54 + 0.11 octaves, whereas the mean (+SE) pretraining bandwidth for the 11 Gen effects was 0.57 ± .07 octaves, t(14) = 0.204, p = .84, unpaired.
It is also possible that the cells that showed CS-FS effects were at a different location in the MGv than the cells that showed Gen effects. The histological summary is presented in Figure 16 . No differential distribution of effect, particularly FS versus Gen changes in the conditioned subjects, could be discerned. The cells that exhibited CS-FS effects were located in the same areas as those that exhibited Gen effects: They were not more caudal, more medial, or more dorsal within MGv.
Another possibility is that the type of effect that developed due to conditioning depended on the proximity (distance along the frequency dimension) of the CS frequency to the (threshold) BF. To resolve this issue, we compared the mean CS-BF frequency difference of the FS and Gen groups. In- deed, there was a significant difference. The mean (+SE) distance for the CS-FS effects was 0.11 + 0.01 octaves, whereas the mean (+ SE) distance for the Gen effects was 0.57 _+ 0.12 octaves, t(14) = 2.522, p < .03. That is, the probability of obtaining FS plasticity was greater when the CS frequency was closer to the pretraining BF than when it was farther from the BF. Although CS-BF frequency proximity may have been necessary for the development of FS plasticity, it clearly was not sufficient because there was no significant difference for this measure between the CS-FS group and the subjects that were trained in the sensitization paradigm alone, CS-BF distance = 0.22 _+ 0.16 octaves; t(9) = 1.44, p =. 18. This is illustrated for a sensitization subject in Figure 13 ; the CS (22.0 kHz) was indeed very close to the pretraining BF (21.0 kHz; 0.0625 octave), but the observed effect was a clear Gen increase, not a CS-FS effect.
Thus, the development of CS-FS plasticity is related to both the frequency distance between the CS and the BF and the type of training; close proximity and conditioning training appear to be necessary for FS effects.
Discussion

Overview of the Findings
RFs in the MGv were modified by classical conditioning. The development of a behavioral CR, as exemplified by rapid acquisition of the cardiac deceleration (bradycardia) CR, was accompanied by two types of change in frequency RFs: FS and Gen. FS effects consisted of increased responses to the frequency of the CS that (a) was the greatest increase seen at any frequency, (b) had a narrow bandwidth, which was centered on the CS frequency, and (c) was considerably larger term. That is, FS plasticity was observed only immediately postconditioning; by the time of a retention test 1 hr later, they had dissipated. In contrast, Gen effects were maintained.
Third, the expression of FS plasticity depended on the intensity at which the R F was determined, whereas Gen in- Figure 11 . Group data for the general (Gen) increases induced by conditioning training. (These functions are the mean [_+SE] of the normalized difference curves for the 11 cases of Gen increases that were observed immediately postconditioning. All of the Gen increases were also maintained 1 hr later. For each recording, the percentage of change for all the frequencies tested was expressed as a function of the distance from the conditioned stimulus [CS] and then averaged across sites. Note the broad increases across frequency and the fact that the largest increase is not at the frequency of the CS, both immediately postconditioning [A] and 1 hr later [B] .) than any increase in response at the pretraining BF (responses to which actually decreased). These modifications were sufficient to retune RFs: the frequency of the CS became the new BF. FS plasticity developed only in subjects that underwent associative training. Gen effects (e.g., increased response across frequency) developed in many conditioning cases and also in all sessions during which subjects received only sensitization training.
The FS and Gen effects in conditioning differed in several important ways. First, there was a marked difference in specificity to the frequency of the CS. The FS plasticity had an extremely narrow bandwidth (i.e., ___0.125 octave), and Gen effects were considerably broader in bandwidth (compare Figures 6A and 11A) . Also, Gen effects did not include increased responses to the CS frequency that was coupled with decreased responses to the pretraining BF. Rather, the largest increases were usually at the BF (compare Figures 3 and 5 vs. 9 and 10).
Second, and of particular interest, FS effects were short- Frequency (kHz) creases did not have this dependence. Of particular note, both the probability of obtaining an FS effect and the magnitude of increased response at the CS frequency were inversely related to stimulus intensity: the lower the intensity, the greater the probability and the magnitude. In contrast, these parameters of Gen increases were essentially equal across the wide intensity range that was used to determine RFs (i.e., 10-80 dB). Fourth, Gen increases accounted for most of the RF changes: FS = 5/17 cases (29%), Gen increases = 11/17 (65%). However, this difference in likelihood is more apparent than real because it depends on the frequency distance between the CS and the BF. The mean distance for the FS cases was significantly less than that for the recordings in which a Gen increase developed during conditioning: 0.11 octave versus 0.57 octave, respectively. Because we purposefully used a broad range of CS-BF differences in frequency to provide a comprehensive study of possible conditioning effects, the likelihood values reflect the choice of CS frequencies that were selected, whatever the BF obtained on the day of training. However, the fact that FS plasticity in the MGv requires frequency proximity between the CS and the BF is potentially of major importance; we address this finding in the section concerned with possible mechanisms of FS RF plasticity.
Associative Nature of FS RF Plasticity
Several considerations indicate that the CS-FS plasticity observed in this experiment was produced by associative processes. Because some of these issues have been discussed in detail previously, (Edeline & Weinberger, 1991) , this section is abbreviated.
First, FS plasticity developed only in conditioned subjects, and sensitization training produced only Gen effects.
Second, FS effects do not reflect chance results due to the large number of tuning curves that were obtained using several different intensities. The probability of FS effects was much greater than expected by chance: 15/28 (54%) of RF Diamond Edeline & Weinberger, 1991) . The different contexts of training and R F determination appear to preclude subjects from considering the CS frequency to be an effective conditioned signal when it is presented with other frequencies in the absence of the UCS. A detailed anal- Normalized group data for the general (Gen) increases induced by sensitization training. (These functions are the means [+SE] of the normalized difference functions for the four cases of Gen increases that were observed immediately after conditioning. All of these were also maintained 1 hr later. Note that the largest increase was not at the conditioned stimulus [CS] frequency and that the effect extends broadly across frequency, as was found for the Gen increases observed after conditioning.) difference functions in the FS group met all three criteria for FS classification. In contrast, 0/31 (0%) of these functions in the sensitization group met the criteria, and the CS-BF distance for these two groups was not significantly different. Moreover, FS effects were significantly related to stimulus intensity, whereas Gen effects had no such relationship. Chance is unlikely to produce this distribution of results in the intensity domain.
Third, FS effects do not reflect the state of arousal during R F determination. Putative arousal to the CS fr¢quency in the postconditioning R F would be expected to be greatest at highest intensities, whereas FS plasticity was greatest at 1Gw-est intensities. Furthermore, as in previous studies of the effects of conditioning on RFs, there were neither tonic nor phasic changes in arousal, as indicated by autonomic measures during R F determinations. Moreover, there were no consistent relationships between background rate of discharge, which should reflect tonic state, and evoked discharge to the CS or any other frequency (Bakin & Weinberger, 1990a;  ysis of contextual effects has been presented previously (Diamond & Weinberger, 1989) . Given that FS plasticity is restricted to conditioning training, cannot be explained by chance, and is observed in the absence of putative state changes specific to the CS frequency during RF determination, FS RF plasticity appears to be associative.
Nonassociative Nature of General Increases in RFs
Sensitization training produced only Gen changes across RFs. Four of six recordings had increased response, and two cases exhibited Gen decreases. Because the CS and UCS were not paired, these effects cannot be due to CS-UCS association.
Gen effects also developed during conditioning training, when behavioral (cardiac) learning occurred. Gen increases in response-frequency RFs also should be considered as nonassociative with respect to the CS-UCS relationship because they are highly similar to the Gen increases that are found during sensitization but have nothing in common with FS plasticity. Thus, Gen increases in RF for both conditioning and sensitization differed neither immediately nor 1 hr postconditioning in (a) percentage of change at the CS frequency, (b) bandwidth of effects, or (c) CS--BF magnitude difference. In contrast, FS effects differed from both instances of Gen increases on all three measures (Table 3) . Moreover, both Gen increases were maintained, in clear distinction to FS effects, which were short-term. Finally, Gen increases neither during conditioning nor during sensitization were related to the intensity that was used to determine the RFs, in contrast to FS effects.
These nonassociative RF changes may not require the use of an acoustic CS during training. Recently, we have determined RFs in the auditory cortex before and after sensitization training using a visual "CS" (Bakin & Weinberger, 1990b) . This training produced Gen increases in the frequency RFs of neurons in the primary auditory cortex that were indistinguishable from those that developed during both conditioning and sensitization training when an auditory CS was used. Therefore, Gen increased responses across RFs may involve diffuse mechanisms.
Associative Plasticity Revealed by RF Analysis
With respect to the CS-UCS relationship, the present findings show that nonassociative, as well as associative, processes are active during successful behavioral classical conditioning. This conclusion is based on the finding that Gen increases in RF develop in subjects that develop behavioral CRs.
In the past, some genuine associative effects may have been classified erroneously as nonassociative effects . The use of RF analysis can prevent this error.
Suppose that the present experimental design had not included determination of RFs but only determination of responses to the CS. Then one could have concluded, initially, that an increased response to the CS frequency is a correlate of successful classical conditioning because increased response to the CS was obtained in virtually all subjects during conditioning (Table 3) . But, because increased response to this frequency was also found in animals that were trained with a sensitization paradigm (Table 3) , the overall conclusion would have been that no associative effects develop in the MGv. Only by use of RF analysis did we discover (a) that increased response to the CS frequency is but a fragment of the plasticity across RFs and (b) that FS plasticity is associative, whereas Gen increased responses across the RF are nonassociative.
Mechanisms of FS RF Plasticity
The fact that FS plasticity requires close frequency proximity of the CS to the BF provides a clue about possible mechanisms. The RFs of the lemniscal neurons of the MGv are simple, single-peaked, and narrow. The greatest amount of effective excitatory drive (almost by definition) is probably at the BF of a cell. Frequencies close to the BF produce larger responses than those farther away; presumably closer frequencies elicit greater excitatory drive than those farther away from the BF. Therefore, we hypothesize that a critical factor for the induction of FS plasticity is the amount ofpretraining excitatory drive from the CS frequency. Although verification must await more detailed experiments, illustrations presented in this article support this idea. Thus, Figures 2-5 illustrate FS effects (for two cells; Figures 2 and 3 for the first, Figures 4 and 5 for the second); in both cases, the CS-BF frequency proximity is less than 0.125 octave, and the pretraining response at the CS frequency is clear. In contrast, Figures 8-10 show two cases of Gen increase during conditioning (Figures 8 and 9 for the first, Figure 10 for the second); the CS-BF frequency proximity is greater than 0.125 octave, and the pretraining response to the CS frequency is extremely small or nonexistent. The hypothesis that adequate initial excitatory drive in the MGv is an essential aspect of FS RF plasticity is consistent with findings from single unit RF analysis in the auditory cortex during conditioning (Diamond & Weinberger, 1986) .
However, FS plasticity is most evident at low stimulus intensities, for which excitatory drive is weaker. This paradox may be due to the masking of FS effects at high intensities. Recall that FS effects were found only when the CS was close to the BF. As intensity is increased, there is a spread of excitatory drive to nearby frequencies. Thus, at high intensities, the CS and the BF share in common a large pool of excitatory synaptic inputs on the recorded cell. Only at low stimulus intensities do the CS and BF activate two largely or completely nonoverlapping pools of synapses. A model of RF plasticity in conditioning hypothesizes opposite changes in synaptic weights: increased strength for synapses that are activated by the CS during conditioning trials, decreased strength for nonactivated synapses for frequencies close to the CS frequency, and less or no change for synapses for frequencies farther from that of the CS (Weinberger et al., 1990) . Therefore, when postconditioning RFs are determined at high intensities, strengthened, weakened, and unchanged synapses would be activated simultaneously; only at low stimulus intensities would strengthened synapses be activated at the CS frequency without a spread of excitation to other synapses. Thus, the FS effects could be masked at high intensities.
Lateral inhibition also may be an important determinant of FS RF plasticity. Narrowly tuned RFs, which are characteristic of the MGv, are likely maintained by very strong lateral inhibitory mechanisms (Allon, Yeshurun, & Wollberg, 1981; Pelleg-Toiba & Wollberg, 1989; Phillips, Orman, Musicant, & Wilson, 1985; Shamma & Symmes, 1985) . Activating the neural network at high intensities probably leads to activation of as much lateral inhibition as excitatory drive. At high intensities, learning-induced increases of synaptic strength at the CS have to overcome strong side-band inhibition to produce a shift in tuning to the CS frequency. Activating the neural network at low intensities leads to less excitatory drive but also to less lateral inhibition. Thus, returning to the CS frequency may be more likely at low stimulus intensities because they have less lateral inhibition to overcome.
We previously found a direct, rather than inverse, relationship between intensity and FS plasticity in the MGd (Edeline & Weinberger, 1991) . Neurons in the MGd are more broadly tuned than those of the MGv (Calford, 1983; Morel et al., 1987) . Thus, they may have weaker lateral inhibition at high intensities than do cells in the MGv. Therefore, in the MGd the expression of FS plasticity may be mainly a function of the number of strengthened synapses that are activated by the CS frequency.
Mechanisms of General Increases in RFs
Mechanisms underlying a widespread increase in evoked discharges to most or all phasic environmental stimuli that occur without a proportionate increase in background activity most likely involve the action of one or more neuromodulators. In vitro studies of the guinea pig MGB and other thalamic nuclei have shown that both acetylcholine (ACh) and norepinephrine (NE) produce slow, long-lasting depolarizations that could facilitate the transfer of incoming spike trains to the cortex (McCormick & Prince, 1987 . In vivo experiments suggest that facilitation ofthalamocortical transmission may ordinarily occur by activation of cholinergic cell groups in the mesencephalic reticular formation, acting via muscarinic receptors in the thalamus. Although this facilitation may involve inhibitory interneurons as well as direct effects on thalamic relay cells (Francesconi, Muller, & Singer, 1988) , there is clear evidence that such cholinergic effects can produce facilitation without altering local inhibitory processes; thus, facilitation could occur without changing the RFs of the relay cells (Pare, Steriade, Deschenes, & Bouhassira, 1990) . In view of this accumulating evidence and the present findings, it would now be of interest to determine if either or both ACh and NE actions in the MGB are responsible for the long-lasting Gen facilitation of RFs that are produced by behavioral training. The possible role of neuromodulators in learning-induced RF plasticity in the auditory cortex also requires direct investigation (Ashe & Weinberger, 1991; McKenna, Ashe, Hui, & Weinberger, 1988; McKenna, Ashe, & Weinberger, 1989) .
Functions of General Increases in RFs
A major conclusion of this experiment is that two processes modify RFs during successful, behaviorally indexed classical conditioning: (a) nonassociative, sensitized increased neuronal responses develop in addition to (b) associative FS plasticity. However, they develop in different neuronal populations; sensitized Gen increases occur for neurons in which the CS frequency is not close to the BF, whereas FS plasticity develops for neurons for which the CS frequency and BF are within about 0.125 octave. Although this study sampled from one neuronal population at a time, there is almost certainly simultaneous development of associative and sensitized RF changes in the MGv. This dual result is not unique to the MGv. Both FS plasticity during conditioning and Gen increases during conditioning and sensitization training have been found in the MGd (Edeline & Weinberger, 1991) and auditory cortex (Bakin & Weinberger, 1990b) . Particularly noteworthy is the fact that FS or Gen changes develop in the auditory cortex for the same neuron at different times, depending on the frequency of the CS that is used and its distance from the BF (Diamond & Weinberger, 1986) .
The possible function of the Gen increase in frequency RFs is suggested by two findings: This form of plasticity (a) develops and is maintained during both conditioning and sensitization and (b) is induced during training with a nonauditory stimulus (Bakin & Weinberger, 1990b) . We suggest that this effect represents a very widespread form of plasticity in learning. We predict that Gen increased responses across RF also develop in the visual and somatosensory systems (perhaps also in the olfactory and gustatory systems) during any learning situation in which reinforcement is present (i.e., during conditioning and sensitization training but not during habituation; Condon & Weinberger, 1991) , regardless of the modality of the CS. Therefore, this type of plasticity would be independent of modality as well as independent of within-modality stimulus dimensions (e.g., acoustic frequency). Accordingly, it could subserve information processing only in a very diffuse manner.
A likely function ofa Gen increase in response across RFs is a general enhancement of signal-to-noise ratios, for which background discharges represent "noise" for the purposes of processing phasic environmental stimuli, the "signals." In the present study and previous reports of Gen RF increases in sensitization and also in conditioning, the change of evoked discharges has been determined by subtracting background activity from discharges during the presentation of stimuli (see Materials and Method section). Thus, the Gen increased responses across frequency RF do satisfy the criterion for an increase in signal-to-noise ratio.
This process would produce an increase in gain, rather than a change in tuning, across all sensory systems. The gain increase, which is subserved by nonspecific increased neuronal excitability, contrasts sharply with tuning changes, which would constitute a modification of information and the representation of stimuli, as will he discussed. An increase in signal-to-noise ratios should increase detectability and could increase the probability of adaptive cognitive and behavioral processes.
The fact that Gen increases developed in both conditioned subjects and those that underwent no pairing of the CS and UCS further suggests that this putative gain function may actually be instituted by learning that does not involve the CS-UCS relationship. Common to both training groups is the occurrence of the UCS in a given situation or place. Thus, during any conditioning training, subjects are likely to learn the relationship between place (i.e., "contextual cues") and a negative reinforcer. Although this is "nonassociative" from the context of the CS-UCS relationship, it may well be associative from the perspective of "place." This formulation suggests that conditioning involves two rapidly established associations: (a) CS-UCS, which indicates the time at which the UCS will be presented, and (b) context-UCS, which indicates the place where the UCS occurs. FS RF plasticity is the neural sign of the former, whereas Gen increased response may be the neural sign of the latter.
Functions of FS RF Plasticity
We previously proposed that the CS-FS effects reflect a change in information processing, whereas the Gen effects in the RFs reflect a change in the cell's excitability (Bakin & Weinberger 1990a; Edeline & Weinberger, 1991; Weinberger et al., 1990) . The FS plasticity in the MGv would thus constitute an associatively induced adaptive filter in which information about the acquired significance of a particular sound (i.e., the CS) would be favored compared with other sounds. Accordingly, one might conclude that CS-FS plasticity of RFs in the primary auditory cortex (Bakin & Weinberger, 1990a) are "projected" to the cortex from the MGv. There are several reasons why this cannot be the case. Moreover, such a conception obscures what may well be the special and unique role of FS RF plasticity in the MGv.
To begin with, FS RF plasticity in the primary auditory cortex is maintained for 24 hr, the longest retention interval tested (Bakin & Weinberger, 1990a) . Moreover, discrimination studies have revealed differential plasticity to two auditory stimuli in the auditory cortex for at least 7 days in the cat (Oleson, Ashe, & Weinberger, 1975) and 45 days in the rat (Edeline, Neuenschwander-E1 Massioui, & Dutrieux, 1990) . In contrast, FS plasticity in the MGv dissipates rapidly. Thus, the long-term FS plasticity in the auditory cortex cannot simply be the reflection of the short-term RF plasticity in the MGv.
Second, the MGv FS effects are inversely related to stimulus intensity. However, this is not the case at the cortex, where FS plasticity is evident at intensities that are well above the low levels at which FS plasticity was expressed in this experiment (Bakin & Weinberger, 1990a; Diamond & Weinberger, 1986 .
Third, even if there were a closer match between FS plasticity in the MGv and the auditory cortex, any assumption that their relationship constitutes a simple chainlike ascending system fails to account for the exceptionally pronounced corticogeniculate projections (Winer, in press ). Thus, the network properties of this reciprocally organized system must be the basis for ultimately successful conceptualizations of information processing at this level of the neuraxis. Among the issues to be addressed are the loci, basis, and functions of FS RF plasticity. Pertinent is the absence of input to the MGv from systems that process the UCS. In contrast, the magnocellular medial geniculate receives convergent CS and UCS input, and the auditory cortex also receives less direct but nonetheless convergent CS and UCS input (Weinberger et al., 1990) . Thus, the MGv is not promising as a primary site of CS-UCS convergence.
What might be the role of FS plasticity in the MGv for learning? Given the present findings, input from the MGv to the auditory cortex that favors the CS frequency after conditioning would come only from cells that are very closely tuned to that frequency, only for less than 1 hr after conditioning, and only if the intensity of the CS frequency were low, considerably lower than the intensity that was present during the prior associative experience. Thus, it seems unlikely that the MGv serves as an adaptive filter to promote postacquisition information processing. It is equally unlikely that it serves as a site of long-term storage. However, both of these functions are consistent with the properties of RF plasticity in the auditory cortex (Bakin & Weinberger, 1990a; Weinberger et al., 1990) .
Instead, we propose that FS RF plasticity of the MGv represents a short-term processing and storage mechanism. As already mentioned, it is possible that the FS effects are instituted as rapidly as is the behavioral evidence of a CS-UCS association (i.e., within the first five trials) and that they begin to decay at that time or at least well before training ends after 30 trials (60 min). Thus, our observations of FS RF plasticity immediately after conditioning may have been obtained when the FS plasticity set up by conditioning had already decayed considerably.
Verification of the hypothesized decay will require determining RFs at several earlier time points, starting, for example, after the first five conditioning trials at which time there is clear behavioral evidence of the establishment of an association between the CS and UCS. If the type of decay function suggested here is found, then the MGv FS plasticity would fulfill the major criterion of what is usually conceived of as a short-term memory store. Its function might actually be to participate in setting up a long-term store in the auditory cortex during conditioning trials. Once established, the auditory cortex would then be independent of an initial thalamocorticothalamic mechanism, and the lemniscal subcortical auditory system would be "released" to deal with new circumstances of acoustically involved learning. This conceptualization assumes that sensory cortex has a greater capacity to store information than does the sensory thalamus, but this seems to be a reasonable assumption.
